Certain plant phenolic compounds and monosaccharides induce the transcription of virulence (vir) 
gbpR was present. In the absence of inducer, GbpR repressed chvE::lacZ expression. In addition, GbpR negatively regulated its own expression.
Agrobacterium tumefaciens transforms plant cells and induces tumors on many dicotyledonous and some monocotyledonous plants by transferring a piece of DNA (T-DNA), a part of a large tumor-inducing (Ti) plasmid, into plant cells, where it becomes integrated and expressed in the plant cell genome. Specific phenolic compounds and monosaccharides generated from plant wound sites act synergistically to induce a set of bacterial virulence (vir) genes which are required for the processing as well as the transfer of T-DNA (reviewed in references 35 and 37) . The expression of these genes is induced via a cascade of phosphorylation reactions involving a transmembrane sensor protein, VirA, and a transcriptional activator, VirG (21, 36) . Both genes are members of a two-component regulatory system which bacteria commonly use to sense and react to environmental changes. (reviewed in references 6, 30, and 35) .
In addition to the virulence genes on the Ti plasmid, several genes on the chromosome, some designated chv, are involved in the plant-pathogen interaction. One important chromosomal virulence gene whose function is largely understood is chvE. This gene codes for a periplasmic sugar-binding protein which is essential for vir gene induction by monosaccharides (3, 20) . Induction by high levels of phenolics such as acetosyringone is unaffected in the A348 chvE mutant strain. However, the synergistic effect of monosaccharides on vir gene induction by low levels of phenolic compounds was not observed in chvE mutant strains. chvE mutants are avirulent on a variety of plants but can cause delayed tumor formation on others. It has been proposed that nonsusceptible host plants may lack a sufficient level of specific phenolic compounds to induce the vir genes. Therefore, tumor formation on these plants may require the synergistic effect of sugars on vir gene induction, which is only possible when chvE is expressed (3) . In addition to its role in vir gene induction, chvE is necessary for normal growth on and chemotaxis towards certain sugars. Thus, ChvE plays an important role both in virulence as well as in the physiology of Agrobacterium spp. in general.
The nucleotide sequence of chvE is similar to that of the galactose-binding protein (GBP) Primer extension analysis of gbpR and chvE transcripts. A348(pSL8) was grown on AB plates with gentamicin. After 3 days, 2 ml of ABG medium with gentamicin was inoculated and the cultures were grown overnight. A total of 1.6 ml of culture was used to inoculate 40 ml of fresh medium. After the cultures reached a cell density of 0.6, as determined by A60),, the cells were pelleted and resuspended in 20 ml of ABG with carbenicillin with or without 10 mM L-arabinose. After 2 h of incubation at 28°C with shaking, total RNA was extracted (31) and primer extension analysis was performed as described previously (32) . Fifteen micrograms of RNA from cells grown in each culture condition was hybridized with 32P-labeled oligonucleotides (30- VOL. 175, 1993 described previously (25, 29) . Units of 3-galactosidase activity were calculated with the equation (1,000 x A420)/(time x A600) as described previously (25) . All (20) . A partial sequence of ORFI revealed that it had significant similarity to the LysR family of transcriptional regulators (19) . In virtually all cases studied, members of this family are transcribed divergently from the genes they regulate, and on this basis Huang et al. proposed that ORF1 may regulate the expression of chvE. In order to further characterize ORFI, we completed the DNA sequence and later designated it gbpR. The putative start codon ATG is at position 347 ( Fig. 1 ) and is preceded 6 (20) . On the basis of the start codon at position 347 and the stop codon at position 1254, the gbpR gene is 909 bp in length and would encode a peptide 303 amino acids in length.
A 29-nucleotide A+T-rich region was found in the 345-bp intergenic region between chvE and gbpR (Fig. 1) . This se- Primer extension analysis to determine the transcription start site for chvE. An end-labeled oligonucleotide complementary to the chvE transcript was used to prime reverse transcription of RNA isolated from A348(pSL8). Products were separated by electrophoresis in a sequencing gel adjacent to sequencing ladders, labeled G, A, T, or C, generated with the same primer on single-stranded pSL36 DNA. The primer extension product in lane p is indicated with an arrow. quence, AATTATGATATATTAAATCGATACAAAAA, is 86% A+T and is located 107 bp from the putative translational start site for gbpR. Similar A+T-rich regions have been found in the intergenic regions of other LysR family members (33) . The function, if any, of these A+T-rich regions is not known, but it has been proposed that LysR family members may regulate transcription by modulating the DNA breathing in the A+T-rich regions, allowing for formation of open complexes (33) .
The transcriptional start site of chvE was determined by primer extension analysis (Fig. 2) . Since chvE and gbpR are chromosomally encoded and therefore present at a low copy number, we attempted to increase the copy number, and therefore the number of transcript copies, by using a strain that contained a plasmid (pSL8) into which gbpR and chvE had been cloned (Table 1) . Total RNA was isolated from A348(pSL8) and hybridized to 5'-32P-labeled oligonucleotides complementary to the chvE or gbpR genes which served as primers for reverse transcription. The start site for chvE was consistently seen as a doublet of primer extension products at positions 141 and 143 ( Fig. 1 and 2 ). This site is preceded by the sequences AACAAT in the -10 region and TTGACA in the -35 region. In numerous experiments, we were never able to see any primer extension product for gbpR, possibly because of its low level of expression.
Several T-NI 1-A sequences that match the LysR family binding site motif (16) are found in the gbpR-chvE intergenic region. One example is located at positions 194 to 182 (minus strand), about 50 bp upstream of the chvE transcriptional start site (Fig. 1) Fig. 4) .
To analyze the effect of the mutant gbpR gene on the expression of chvE, a plasmid with a chvE::lacZ fusion but lacking a copy of gbpR was constructed (see Materials and Methods). pSL25/chvE101 ::Tn3-HoHol was introduced into the parental strain A348 and the two gbpR mutant strains Atl2001 and AtI2002. chvE::lacZ expression was determined with cells grown in medium with or without 10 mM Larabinose. The results of one representative experiment are shown in Fig. 5 . In the strain carrying a functional gbpR locus, L-arabinose induced chvE::lacZ expression fourfold, whereas in the gbpR mutant strains, chvE::lacZ expression was not induced. We conclude that the GbpR protein acts in trans and is required for induction of chvE expression by sugars. Furthermore, in the gbpR mutants, the level of chvE::lacZ expression in the absence of sugars increased to a level which is intermediate between the basal and induced levels in the wild-type strain. This suggests that GbpR represses chvE expression in the absence of inducing sugar and activates expression in the presence of an inducer.
To verify that this phenotype was due to the absence of a functional copy of gbpR, a plasmid containing a wild-type gbpR gene (pTC1 16) or the vector control (pTCI 10) was introduced into A348, Atl2001, and Atl2002, each containing pSL25/ chvE101::Tn3-HoHol. Both the repression in the absence of sugar and the induction in the presence of sugar were fully restored when a wild-type copy of gbpR was present (Fig. 6) .
Regulation of gbpR expression. To determine whether gbpR expression is affected by sugars, we assayed gbpR expression in A. tumefaciens MX550, which carries a gbpR::lacZ chromosomal fusion. MX550 showed no induction of gbpR::lacZ expression in response to any of the nine sugars tested (data not shown). Like other LysR family members, gbpR appears to be expressed at a low constitutive level.
By analogy with other LysR family members, it is likely that gbpR is autoregulated. To determine whether GbpR does regulate its own expression, a multi-copy-number plasmid containing a wild-type copy of gbpR (pSL7) was introduced into MX550 and ,B-galactosidase activity was measured. Expression ofgbpR::lacZ in MX550 containing pSL7 was reduced 27-fold relative to gbpR::lacZ expression in MX550 containing the vector alone (Fig. 7) . This reduction in gene expression was unaffected by L-arabinose or D-fucose (data not shown). One explanation for these data is that gbpR is negatively autoregulated. An alternative explanation is that a factor necessary for gbpR expression was diluted out when the wild-type gbpR locus was present on a multi-copy-number plasmid (pSL7). To test this second possibility, a plasmid containing the gbpR::lacZ fusion (pMWH550) was introduced into either the parental strain A348 or the gbpR mutant strain AtI2002. A348 (pMWH550) and At12002(pMWH550) contain the same number of gbpR promoters, the only difference being that the latter strain lacks a functional gbpR gene. If a positive-acting factor is necessary, expression of gbpR::lacZ should be the same in both strains. A single chromosomal copy of gbpR+ reduces the expression of the plasmid-encoded gbpR::lacZ fusion nearly fourfold (Fig. 7) . We conclude that GbpR negatively regulates its own expression. At12001 (pTC11 0) At12002(pTC11 0) A348(pTC1 16) At12001 (pTC1 16) At12002(pTC1 16) (1) . If chvE expression is itself induced to a greater degree by the most potent vir gene-inducing sugars, the increased quantity of ChvE protein rather than its higher affinity for the sugar could determine the effectiveness of a sugar as a vir gene inducer.
Since we found that chvE expression was not induced by a subset of the sugars that induce the vir genes, the ChvE-sugar complex rather than the quantity of ChvE protein is important for activating VirA. Ankenbauer et al. found that induction of the virulence genes is much more sensitive to galacturonic acid than to the other 11 inducing sugars, suggesting that ChvE has the highest affinity for this sugar (1) . The lack of induction of chvE expression by galacturonic acid supports this suggestion.
Another conclusion can be drawn from the fact that chvE expression is induced by only a subset of the vir gene-inducing The function of the gbpR gene product does not appear to be essential for any process that requires the ChvE protein (data not shown). These include growth and chemotaxis towards certain sugars, vir gene induction in response to sugars, and virulence on some species of plants. The level of ChvE protein in gbpR mutants appears sufficient to interact with the chemotaxis and uptake systems. Since it is thought that only a few molecules of the sensor protein VirA are present in the inner membrane, the elevated basal level of chvE expression in gbpR mutants presumably provides a sufficient level of ChvE protein to successfully interact with VirA to promote vir gene induction. In nature, where Agrobacterium cells may be in contact with very low concentrations of signal molecules and must move toward a plant wound site to contact plant cells, increased expression of chvE via GbpR might be necessary for full virulence. A gbpR mutant that lacked activating ability but retained repressor function could be used to determine whether it is the elevated level of chvE expression in gbpR knock-out mutants that results in the parental phenotype.
